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Abstract. We study the phase transition in Cu-substituted iron-based supercon-
ductors with a new developed real-space Green’s function method. We find that Cu
substitution has strong effect on the orbital-selective Mott transition introduced by
the Hund’s rule coupling. The redistribution of the orbital occupancy which is caused
by the increase of the Hund’s rule coupling, gives rise to the Mott-Hubbard metal-
insulator transition in the half-filled dxy orbital. We also find that more and more
electronic states appear inside that Mott gap of the dxy orbital with the increase of
Cu substitution, and the in-gap states around the Fermi level are strongly localized at
some specific lattice sites. Further, a distinctive phase diagram, obtained for the Cu-
substituted Fe-based superconductors, displays an orbital-selective insulating phase, as
a result of the cooperative effect of the Hund’s rule coupling and the impurity-induced
disorder.
PACS numbers: 74.20-z,74.70.Xa,74.62.Dh,71.30.+h
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1. INTRODUCTION
The multiorbital nature of iron pnictides and chalcogenides is essential for understanding
the mechanism of the high-temperature superconductivity of iron-based superconductors
[1, 2]. The multiple Fe 3d orbitals, which couple strongly with each other by the
Hund’s rule exchange interaction, contribute most to the low-energy excitations [3, 4, 5].
Some theoretical studies showed that the Hund’s rule coupling plays a key role in
tuning the degree of electronic correlation in multiorbital systems [6, 7, 8, 9]. Using
a slave-spin method, it was predicted that an orbital-selective Mott phase (OSMP)
will emerge in K1−xFe2−ySe2 when the Hund’s rule coupling exceeds a certain threshold
value [10]. Experimentally, strong orbital-dependence of the correlation was found in
iron chalcogenides [11], and the signs of the appearance of OSMP were also observed in
AxFe2−ySe2 (A=K, Rb) at high temperature [12, 13, 14].
It has been demonstrated by the dynamical mean-field theory (DMFT) [15] that,
in a multiorbital system, the OSMP is usually derived from three possible reasons: (1)
the bandwidths of the two orbitals are significantly different [16]; (2) the influence of
the crystal-field splitting is considerable [17]; and (3) the orbital degeneracy is reduced
owing to the distinct features of the orbitals or by some other reasons [18, 19]. However,
it is still unclear whether the OSMP is sensitive to the effect of disorder introduced
by impurities. In iron-based superconductors, many experiments were implemented by
substituting Fe with other transition metals [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30],
which not only affects the carrier density of the system, but also introduces the effect of
disorder. Among various transition-metal substitutions, Cu doping is highly disruptive
to the electron structures of the FeAs sheets. In this paper, we will focus on the effect
of Cu substitution in Fe-based superconductors, especially the cooperative effect of the
Hund’s rule coupling and the impurity-induced disorder on the OSMP.
It is still a theoretical challenge to study the multiorbital correlation and the effect of
disorder on equal footing [31]. To precisely study the real-space fluctuations introduced
by Cu substitution, we develop a real-space Green’s function method by extending
the Hubbard-I approximation [32] to the multiorbital Hubbard model. Our decoupling
approximation has been proved to be adequate for the study of Cu-substituted iron-
based superconductors [33]. In according with the prediction of other theoretical studies
[7, 8, 10], we find an OSMP tuned by the Hund’s rule coupling in the undoped cases,
where the dxy orbital is a Mott insulator while the dxz/dyz orbitals remain itinerant.
In the presence of the Cu substitution, the competition between the Mott-Hubbard
and Anderson metal-insulator transitions (MIT) is reveled by the study of the interplay
between the Hund’s rule coupling and the impurity-induced disorder in Cu-substituted
Fe-based superconductors. We find that the Cu substitutions can introduce some states
inside the Mott gap of the dxy orbital around the Fermi level, which can be suppressed
by the increasing Hund’s rule coupling. As a result, the increase of the critical value for
the Mott-Hubbard MIT transition is found in the dxy orbital. Meanwhile, the degenerate
dxz/dyz orbitals are Anderson localized, indicating the existence of an orbital-selective
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insulating phase in Fe-based superconductors with the presence of impurities. We also
construct a complete phase diagram for Cu-substituted iron-based superconductors,
depended on both the Hund’s rule coupling and the concentration of Cu impurities.
The paper is organized as follows. In section 2, we introduce an inhomogeneous
three-orbital Hubbard model, and develop a real-space Green’s function approach to
study the cooperative effect of disorder and multiorbital correlation in Cu-substituted
Fe-based superconductors. In section 3, we first show the orbital-selective Mott
transition (OSMT) introduced by the Hund’s rule coupling in undoped compound.
Then we study the cooperative effect of the Hund’s rule coupling and impurity-
induced disorder on the phase transitions in Cu-substituted iron-based superconductors.
Further, a phase diagram is obtained by the study of the competition between the Mott-
Hubbard and Anderson MITs. The principal findings of this paper are summarized in
section 4.
2. Model Hamiltonian and Methodology
An inhomogeneous three-orbital Hubbard model is introduced for the Cu-substituted Fe-
based compounds based on the local density functional calculations of NaFe1−xCuxAs
[33], where a certain percentage of Fe sites is replaced by Cu ions randomly. The
Hamiltonian is expressed as
H = −
∑
i 6=j(i,j∈Fe)
∑
αβσ
Tiα,jβc
†
iασcjβσ −
∑
i 6=j(i,j∈Cu)
∑
ασ
tijc
†
iασcjασ
−
∑
i∈Fe,j∈Cu
∑
αβσ
t′ijc
†
iασcjβσ − µ
∑
iασ
niασ +∆xy
∑
i∈Fe,σ
ni,xy,σ
+ U
∑
i∈Fe,α
niα↑niα↓ +
∑
i∈Fe
∑
α<β,σσ′
(U ′ − Jδσσ′)niασniβσ′
+ u
∑
i∈Cu,α
niα↑niα↓, (1)
where c†iασ (ciασ) creates (annihilates) an electron with spin projection σ for orbital α
(dxz, dyz, or dxy) of an iron or copper site i. Tiα,jβ is the hopping term within orbitals α
and β between nearest-neighbor (NN) or next-nearest-neighbor (NNN) iron sites i and
j. tij represents the intraorbital hopping integral between NN copper atoms, and t
′
ij
denotes the hopping between NN Cu and Fe ions. U and U ′ are the onsite intraorbital
and interorbital Coulomb interactions on iron sites respectively, and ∆xy = µxy − µxz
is the energy splitting between the dxy and the degenerate dxz/dyz orbitals. Further, J
represents the Ising-type Hund’s rule couplings for Fe atoms, and u is the intraorbital
interaction of Cu ions.
The values of the tight-binding (TB) model parameters were determined by the first
principle calculations of the undoped Fe-based compounds [34, 35]. The local density
function calculation predicted that the Fermi surfaces of NaFe1−xCuxAs are mainly
composed by three Fe 3d orbitals, i.e. dxy, dxz and dyz orbitals, whereas Cu 3d orbitals
distribute from -4 eV to -2 eV, which is far below the Fermi level [33]. Therefore,
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Table 1. Every single term of the nearest neighbor and next nearest neighbor hoppings
(TNN and TNNN ) for the Fe ions of the tight-binding Hamiltonian in Eq. (1). (−1)
|i|
indicates that the hopping parameters change sign along the site locations, arising from
the two-iron unit cell of the original FeAs planes [34].
TNN [1, 0] [0, 1] [−1, 0] [0,−1]
(dxy, dxy) T1 T1 T1 T1
(dxy, dxz) (−1)
|i|T3 0 (−1)
|i+1|T3 0
(dxy, dyz) 0 (−1)
|i|T3 0 (−1)
|i+1|T3
(dxz, dxz) T6 T5 T6 T5
(dyz, dyz) T5 T6 T5 T6
(dyz, dxz) 0 0 0 0
TNNN [1, 1] [−1, 1] [−1,−1] [1,−1]
(dxy, dxy) T2 T2 T2 T2
(dxy, dxz) (−1)
|i+1|T4 (−1)
|i|T4 (−1)
|i|T4 (−1)
|i+1|T4
(dxy, dyz) (−1)
|i+1|T4 (−1)
|i+1|T4 (−1)
|i|T4 (−1)
|i|T4
(dxz, dxz) T7 T7 T7 T7
(dyz, dyz) T7 T7 T7 T7
(dyz, dxz) −T8 T8 −T8 T8
the Fermi surfaces should be very sensitive to the hopping terms within the three Fe
3d orbitals. In the undoped case, our TB model for iron sites is exactly the same
as the three-orbital TB Hamiltonian introduced by Daghofer et al. for the pnictides
followed the Slater-Koster procedure [34, 35]. In Table 1, we display the details about
the definitions of the intraorbital and interorbital hoping integrals Tiα,jβ for dxy, dxz and
dyz orbitals of Fe ions. Further details about the model parameters can also be found
in Ref. [33].
Although the correlations in various iron-based compounds are different, it is
generally believed that the correlations should be smaller than the bandwidths. The
parameters of the intraorbital and interorbital interactions of the three-orbital Hubbard
model (Eq. (1)) have been obtained by the best fitting of the Fermi surfaces with the
experimental result of LiFeAs [36], that is U=1.5 eV and U ′=1.125 eV [33]. However,
some study also suggested that the Hund’s rule coupling in iron-based superconductors
should be within U/10 and U/5 [6]. Therefore, it is important to find out what is the
influence of different values of J on the properties of Fe-based superconductors. Because
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the main purpose of this paper is to explore the cooperative effects of the Hund’s rule
coupling and the doping-induced disorder, we fix the value of U as 1.5 eV in the following
calculations. The values of the TB model parameters and the multiorbital correlations
of the three-orbital Hubbard model are shown in Table 2.
Table 2. Values of the model parameters of the inhomogenous three-orbital Hubbard
model. The energy unit is electron volts.
T1 T2 T3 T4 T5 T6 T7 T8
0.15 0.15 −0.12 0.06 −0.08 0.1825 0.08375 −0.03
t t′ ∆xy U U
′ J u
0.01 0.01 0.75 1.5 0.9∼1.5 0∼0.3 3 or 6
We study the inhomogeneous three-orbital Hubbard model by a newly developed
real-space Green’s function method [33]. In this approach, we generalize hundreds of
disorder configurations for each Cu concentration, and the final physical properties,
such as the density of states (DOS) and conductivity, are obtained by the arithmetical
average of the results for different samples. For a certain disorder sample of a square
lattice with N = L2 sites, we randomly choose Nimp (Nimp = N × x) sites to put the
Cu ions when the concentration of Cu substitution is x. To exactly study the effect of
disorder, we construct a complete real-space Green’s functionG, which can be expressed
as a 3N × 3N matrix with elements defined as
Gαβijσ = 〈〈ciασ | c
†
jβσ〉〉. (2)
The equation of motion of each element of the Green’s function G can be obtained
by [37]
ω〈〈A | B〉〉 = 〈[A,B]+〉+ 〈〈[A,H ] | B〉〉. (3)
Applying the Hamiltonian of Eq. (1) to the above equation, we obtain the equation of
motion of Gαβijσ as
(ω + µα)〈〈ciασ | c
†
jβσ〉〉 = δijδαβ −
∑
b∈Fe,m
Tibαm〈〈cbmσ | c
†
jβσ〉〉
−
∑
b∈Cu,γ
t′ib〈〈cbγσ | c
†
jβσ〉〉+ U〈〈niασ¯ciασ | c
†
jβσ〉〉
+ U ′
∑
l 6=α
〈〈nilσ¯ciασ | c
†
jβσ〉〉+ (U
′ − J)
∑
l 6=α
〈〈nilσciασ | c
†
jβσ〉〉, (4)
where the second-order Green’s functions, such as 〈〈nilσ¯ciασ | c
†
jβσ〉〉, appear on the
right-hand side of Eq. (4). Further, we construct the equations of motion of all the
second-order Green’s functions that appear in Eq. (4), and the higher-order Green’s
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functions should emerge accordingly. To obtain a self-consistent loop for the calculation
of the first-order Green’s functions, some kinds of decoupling approximations should
be introduced. Based on the Hubbard-I approximation [32] for the one-band Hubbard
model, we develop a new decoupling scheme for the multi-orbital systems, such as
〈〈niασ′cbmσ | c
†
jβσ〉〉 ≈ 〈niασ′〉〈〈cbmσ | c
†
jβσ〉〉,
〈〈c†bmσcilσciασ | c
†
jβσ〉〉 ≈ 〈c
†
bmσcilσ〉〈〈ciασ | c
†
jβσ〉〉
− 〈c†bmσciασ〉〈〈cilσ | c
†
jβσ〉〉,
〈〈nisσ′nilσ′′ciασ | c
†
jβσ〉〉 ≈ 〈nisσ′〉〈〈nilσ′′ciασ | c
†
jβσ〉〉
+ 〈nilσ′′〉〈〈nisσ′ciασ | c
†
jβσ〉〉.
(5)
As a result, we can approximately express the higher-order Green’s functions by the
first-order Green’s functions, making up a self-consistent loop for the calculation of the
inhomogeneous Green’s function G
M ·G = N, (6)
where M and N are the same order matrices as G, which can be obtained by
〈AB〉 = −
1
pi
∫ +∞
−∞
f(ω)Im〈〈A | B〉〉. (7)
By solving the above self-consistent equations, we obtain the real-space Green’s function
for a certain disordered configuration. From which we can also obtain the local density
of states (LDOS) at site i for orbital α by ρα(ri, ω) = −
1
pi
ImGααii (ω). To find the
averaged DOS of the whole system, we need to calculate the LDOS of different disorder
configurations, and then determine the sample-averaged values afterwards.
The DOS of Cu and Fe ions can be expressed respectively as
ρ(Fe)α =
1
Ns
Ns∑
s=1
1
NFe
∑
i∈Fe
ρ(s)α (ri, ω)
ρ(Cu)α =
1
Ns
Ns∑
s=1
1
NCu
∑
i∈Cu
ρ(s)α (ri, ω), (8)
where NFe and NCu represent the total numbers of the Fe and Cu ions, respectively. Ns
is the number of disorder configurations. The real-space Green’s function method has
many advantages, such as simple in principle and suitable for many kinds of correlated
compounds with disorder. In addition, we can perform self-consistent calculations for
lattices with up to 32× 32 sites.
3. Anderson Localization and Orbital Selectivity
Our method not only handles the lattice disorder precisely, but also treats the correlation
more accurate than the mean-field approximation, making it a priority to deal with
the correlated system with the presence of disorder. In this section, we use the
newly developed real-space Green’s function method to study the cooperative effect
of multiorbital correlation and impurity-induced disorder on the OSMT.
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Figure 1. Density of states of dxz/dyz orbitals (left panel) and dxy orbital (right panel)
for the undoped cases with different Hund’s rule couplings: J=0.05 eV (top panel),
J=0.18 eV (middle panel), and J=0.21 eV (bottom panel). Top panel: a band insulator
with fully filled dxz/dyz orbitals but empty dxy orbital when J=0.05 eV; Middle panel:
a metallic phase when J=0.18 eV, where all three orbitals are metallic; Bottom panel:
an orbital-selective Mott phase when J=0.21 eV, where dxz/dyz orbitals are metallic,
while dxy orbital becomes a Mott insulator. The on-site correlation is U=1.5 eV, and
the relation U = U ′ + 2J is satisfied, as the same for the following figures.
3.1. OSMT tuned by Hund’s rule coupling
A clear way to show the effect of Hund’s rule coupling on the MIT is to omit the influence
of the Cu substitution firstly. As the undoped Fe-based superconductors are indicated
to have a filling of roughly two thirds based on the band structure calculations [6, 38],
we determine the Fermi energy by a constraint of four electrons per Fe,
ntotal = −
1
pi
∑
iα
∫ +∞
−∞
f(ω)ImGααii (ω)dω = 4, (9)
where f(ω) is the Fermi-Dirac distribution function. It was predicted that, only
at half-filling, the Hund’s rule coupling J is capable of strengthening the effective
correlations to introduce a Mott-Hubbard MIT [7, 39, 40, 41]. In the undoped Fe-based
superconductors, further research is needed to understand the effect of the Hund’s rule
coupling on the OSMT in a three-orbital system away from half-filling.
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Figure 2. (Color online) Dependence of orbital occupancy on Hund’s rule coupling J
for undoped compounds with different interactions U . For very small J , it is a band
insulator with fully-filled dxz/dyz orbitals but empty dxy orbital. With the increase of
the Hund’s rule coupling, the difference of orbital occupancies becomes weak, and the
dxy orbital tends to be half-filled when J is larger than 0.2 eV, regardless of the value
of U .
We study the influence of the Hund’s rule coupling on the orbitally resolved DOS in
undoped Fe-based superconductors, and the results are shown in Fig. 1. Consistent with
the previous study [18], it is shown that the OSMT is manipulated by the Hund’s rule
coupling in the undoped Fe-based superconductors. As we can see in Fig. 1 (a) and (b),
when the Hund’s rule coupling is very small (J=0.05 eV), the system becomes a band
insulator with the fully-filled dxz and dyz orbitals but the empty dxy orbital, indicating
that electrons prefer to occupy the orbitals of lower energy. With the increase of the
Hund’s rule coupling, all three orbitals become metallic shown in Fig. 1 (c) and (d)
when J=0.18 eV, suggesting that electrons transfer from dxz and dyz orbitals to the
empty dxy orbital. Once J exceeds the critical value Jc ≈ 0.2 eV, the Mott-Hubbard
MIT happens in the dxy orbital, while the dxz/dyz orbitals remain metallic, leading to
an OSMT in the undoped Fe-based superconductor.
It is obvious that the electron transition from the dxz/dyz orbitals to dxy orbital
plays an essential role in finding the OSMP. We plot the effect of the Hund’s rule
coupling on the electron occupancy of each orbital in Fig. 2, where the crystal-field
splitting is fixed as ∆xy=0.75 eV according to the local density calculations [33, 35]. As
a result, the dxy orbital locates much higher than the dxz/dyz orbitals, which leads to an
extremely strong difference of orbital occupancies. However, the Hund’s rule coupling
favors orbital compensation, i.e., tends to equalize the different orbital populations.
The OSMT appears as a result of the influence of the strong Hund’s rule coupling J
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overcoming the effect of the orbital level splitting △xy [17, 42]. As shown in Fig. 2,
the increase of Hund’s rule coupling will decrease the difference of orbital occupancies
generated by the orbital level splitting. The most remarkable portion is in the vicinity
of J=0.2 eV, where the orbital occupancies change significantly, especially for the cases
with large correlations U . When J is larger than 0.25 eV, the orbital occupancies tend
to be stable and the dxy orbital becomes half-filled.
In undoped Fe-based superconductors, the increase of Hund’s rule coupling benefits
the OSMT mainly in two aspects. First, the increase of Hund’s rule coupling will transfer
more electrons from the dxz/dyz orbitals to the dxy orbital, causing the dxy orbital half-
filled and the dxz/dyz orbitals away from half-filled when J >0.2 eV. Secondly, the
Hund’s rule coupling will enhance the effective correlations in the half-filled dxy orbital
when J >0.2 eV. Therefore, the Mott-Hubbard MIT can happen only in the half-filled
dxy orbital, while the dxz/dyz orbitals are still metallic.
3.2. Cooperative effect of Hund’s rule coupling and impurity-induced disorder
In this subsection, we study the effect of Cu substitution on the OSMT introduced
by the Hund’s rule coupling. In the Fe-based superconductors with the presence of
Cu substitution, the electron occupations of Fe 3d orbitals will be manifestly affected
by the impurities. In addition, it is found that impurity scattering introduced by Cu
substitution has a strong effect on the electron transport, which can lead to Anderson
MIT in iron-based compound. In Fig. 3, we present the effect of Cu substitution on
the OSMT by comparing the orbitally resolved DOS for different doping concentrations
(x = 0.04 and x = 0.12) with various Hund’s couplings. Firstly, with the increase of
Cu impurities, a slight broadening of the bandwidths is found for the band insulating
phase with J = 0.05 eV. As a result, a small amount of electron states can be found
across the Fermi level when x = 0.12 as shown by the insets in Fig. 3(a) and (b). On
the contrary, we find that the Cu impurities can induce a pseudogap at the Fermi level
for all three orbitals when J = 0.18 eV, as shown in Fig. 3(c) and (d).
The strong suppression on the DOS around Fermi level derives from the cooperative
effect of multiorbital interactions and impurity-induced disorder. Efros and Shklovskii
demonstrated that the interactions between the localized electrons in a disordered
system can create a Coulomb gap in the DOS near the Fermi level [43]. Therefore,
the appearance of the zero-bias anomaly at the Fermi energy is an evidence for the
Anderson localization of electronic states in the correlated systems with disorder [44].
As some experiments show, as well as the density functional calculations demonstrate,
some transition-metal substitutions can introduce localization effect in iron-based
superconductors[45, 46, 47], which is consistent with our findings. Furthermore, the
pseudogap in the dxz/dyz orbitals can still be found for the case with J = 0.21 eV
(Fig. 3(e)) or J = 0.25 eV (Fig. 3(g)), which indicates that it is robust against the
increasing Hund’s rule coupling. In addition, the pseudogap will also affect the spectrum
functions and Fermi surfaces significantly.
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Figure 3. (Color online) Doping dependence of orbitally resolved density of states for
different impurity concentrations: x=0.04 (dashed line) and x=0.12 (solid line). Top
panel: a doping induced band insulator to Anderson insulator transition when J=0.05
eV; Second panel: Efros-shklovskii gap survives the strong impurity concentration
when J=0.18 eV; Third panel: the influence of Cu substitution on the orbital selective
Mott phase when J=0.21 eV, where the in-gap states are accumulated inside the Mott
gap of the dxy orbital; Bottom panel: an orbital-selective insulating phase appears
in the lower doping case x=0.04 when J=0.25 eV, where the dxz/dyz orbitals are
Anderson localized but the dxy orbital is a Mott insulator. The system transfer to
Anderson insulator with the the increase of doping concentration. Insets in (a), (b),
(f), and (h): enlargement of the orbitally resolved density of states near the Fermi
level. The correlations are U=1.5 eV and u=3 eV, and the results are averaged by 100
samples respectively.
In Fig. 4, we plot our result of the impurity effect on the spectrum functions for the
cases with fixed Hund’s rule coupling J=0.18 eV. Comparing with the undoped cases, we
find an apparent broadening of the orbital bandwidths, especially for the dxy orbital, in
agreement with the experimental findings. This spectra-broadening behavior induced by
the substitution has been experimentally observed in LiFe1−xCoxAs [48], NaFe1−xCoxAs
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Figure 4. Spectrum functions for different substitution concentrations: x=0.01 (a),
x=0.04 (b), and x=0.08 (c) when J=0.18 eV. The Fermi topology changes significantly
with the the increasing Cu concentration, and all Fermi pockets are pushed away from
the Fermi level when x=0.08. The correlation parameters are U=1.5 eV and u=3 eV.
Each result is obtained by averaging 100 disorder samples.
[49], and Fe1.04Te1−xSe [50], which is believed to be an impurity-scattering effect induced
by the dopants [51]. Once the dopants deviate from the Fe-plane, as the case of
Ba1−xKxFe2As2, the broadening effect disappears [52]. With the increase of doping
concentration, we find that the top of band for the inner hole pocket shifts downward
below the Fermi level, leading to the disappearance of the inner hole pocket, as shown in
Fig. 4(b). It is worth noticing that this is just the embodiment of the appearence of the
Efros-shklovskii gap at the Fermi surface. If the doping concentration is continuously
increased, all bands will be pushed away from the Fermi level, leading all Fermi pockets
vanish completely.
As for the OSMP introduced by the Hund’s rule coupling in undoped Fe-based
superconductors, the effect of Cu substitution will be mainly reflected in two aspects.
One is to induce a pseudogap in the dxz/dyz orbitals, as shown in Fig. 3(e) and (g).
The other effect is the appearance of the in-gap states in the dxy orbital. Comparing
Fig. 3(f) with Fig. 1(f), it is shown that, in the presence of Cu substitution, some
electronic states will emerge inside the Mott gap of the dxy orbital around the Fermi
level. It is worth noting that these in-gap states are all localized, which can be confirmed
directly from its origin. Through observing the real-space fluctuation of charge density
induced by the substitution of copper ions, we find that the occupancy of the dxy orbital
Orbital-selective Mott phase of Cu-substituted iron-based superconductors 12
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Figure 5. (Color online) The real-space distribution of the electron occupancy on dxy
orbital of iron atoms in a 20 × 20 lattice with 16 randomly selected Cu substitutions
shown by the lattice vacancies. The value of nxy decreases significantly to 0.1 at some
specific sites which are very close to the highly concentrated area of the impurities.
These specific sites aside the other sites remain to be half-filling. The LDOS of two
representative sites, which are marked by red and black arrows, are shown in Fig (b)
and (c) respectively. The correlation parameters are U=1.5 eV, J=0.21 eV, and u=3
eV.
deviates from half-filling at some discrete iron sites, which are indicated by blue (dark)
squares in Fig. 5 (a). Obviously, these peculiar sites are easier to be found in the highly
concentrated area of the impurities, where the real-space fluctuations induced by Cu
substitution are much stronger. As a result, LDOS of these specific lattice points will
be greatly changed. As shown in Fig. 5 (c) for the LDOS of a site with n ≈ 0.1, it is
found that the Mott gap is replaced by a sharp peak near the Fermi level, suggesting
that the in-gap states in the DOS of the dxy orbital are heavily localized. In contrast,
the iron ions at most other sites will keep the dxy orbital half-filled, where a Mott gap
can be found at the Fermi level for the LDOS of the dxy orbital, as shown in Fig. 5 (b)
for the LDOS of a representative iron site.
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Figure 6. (Color online) For a certain disorder configuration of a 20×20 lattice, the
real-space distribution of the LDOS is shown for an electronic state with energy very
close to the Fermi level when the impurity concentration increases from x = 0.01 (a) to
x = 0.04 (b), and to x = 0.16 (c). The localization of the electronic state is enhanced
significantly with the increasing doping concentration. The correlation parameters are
U=1.5 eV, J=0.18 eV, and u=3 eV.
To visually demonstrate the substitution-induced localization for all three orbitals,
we show a real-space distribution of the LDOS of an electronic state with the energy
very close to the Fermi level in Fig. 6 for a certain substitution configuration. In the
case of a light doping (x = 0.01), it is shown that the LDOS distributes homogenously
in the real space, suggesting that the state is weakly localized. With the increase of the
impurity concentration, the LDOS tends to be restricted in some small puddles, where
the sizes of the puddles decrease significantly when the impurity concentration increases
from x = 0.04 (Fig. 6(b)) to x = 0.16 (Fig. 6(c)). It is demonstrated that very strong
Anderson localization has been introduced by the Cu substitutions in the cases of heavy
doping.
In order to preciously determine the critical point of Anderson MIT, we perform
the lattice-size scaling of the conductance g, which is obtained by a simplified form of
Kubo formula in the case with ω = 0 [53, 54],
g =
e2
pi
Tr[ImGi(j, j
′)ImGi(j
′ − 1, j − 1) + ImGi(j − 1, j
′ − 1)ImGi(j
′, j)
− ImGi(j, j
′ − 1)ImGi(j
′, j − 1)− ImGi(j − 1, j
′)ImGi(j
′ − 1, j)],
(10)
where the trace is over the sites perpendicular to the current direction (k direction).
(i, j) denote the coordinates of lattice sites in the ribbon, where the periodic boundary
conditions should be applied only to the perpendicular direction to the current. j and j′
are chosen to be on opposite sides of the lattice along the current direction, respectively.
The conductance of the whole system is obtained by summarizing the three diagonal
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Figure 7. (Color online) Lattice-size scaling of conductance g: −1/ln(g) vs 1/L for
different Hund’s rule coupling. The linear fittings indicate that the conductance should
decay exponentially with the lattice size. The doping concentration is x=0.01, and one
hundred disordered samples are considered.
elements of the conductance matrix g, corresponding to the conductances of all three
orbitals.
The conductance is expected to has the form g ∝ e−2L/λ in an Anderson localized
system [55], where λ is the localization length and L denotes the lattice size. In Fig. 7 we
present the fitting of the lattice-size scaling of conductance of the weakly doped system
(x = 0.01) for the cases with different Hund’s rule coupling. We find linear relationship
of −1/ln(g) vs 1/L, suggesting that the system is Anderson localized for all cases with
different Hund’s rule coupling. In addition, no evidence of a significant delocalization
effect of the Hund’s rule coupling has been found, while a non-monotonic behavior is
presented for the effect of J on the Anderson localization shown by the scaling of the
conductance g. It is shown that the localization length decrease monotonously when
the Hund’s rule coupling increases form J=0.18 eV to J=0.25 eV. On the one hand, the
Hund’s rule coupling can lead to Mott-Hubbard MIT in the dxy orbital. On the other
hand, the Hund’s rule coupling also has strong effect to suppress the in-gap states around
the Fermi level. As a result, the contribution of the dxy orbital to the conductance will
decrease with the increasing Hund’s rule coupling. However, the situation is completely
different when J <0.1 eV. As shown in Fig. 1(a) and (b), the system behaves as a band
insulator when J <0.1 eV. Therefore, the conductance takes an extremely small value
owing to the lack of states at the Fermi level. With the increase of the Hund’s rule
coupling, more and more electrons are transferred from the dxz/dyz orbitals to the dxy
orbital as shown in Fig. 2, accompanied with the increase of electronic states at the
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Figure 8. (Color online) Phase diagram of Cu-substituted iron-based superconduc-
tors. The solid lines with circles (dashed lines with triangles) indicate the phase bound-
aries of hole doping cases with u=3 eV (electron doping cases with u=6 eV).
Fermi level for all three orbitals. Therefore, the conductance increases firstly with the
increasing Hund’s rule coupling. While when the OSMT happens at about J=0.21 eV,
a decrease of g can be found owing to enhancement of the suppression on the in-gap
states with the increasing Hund’s rule coupling.
We compile all our finding about the cooperative effect of the Hund’s rule coupling
and the doping-induced disorder on the MIT in a complete J − x phase diagram, as
shown in Fig. 8. An OSMP, where a Mott gap opens in the dxy orbital but the degenerate
dxz/dyz orbitals are still metallic, has been found in the undoped case when the Hund’s
coupling is J=0.21 eV. In the presence of Cu substitution, the Mott gap of the dxy orbital
is fullfilled by the in-gap states when x increases to 0.12, as shown in Fig. 3(f). However,
If the Hund’s rule coupling increases to J=0.25 eV, the doping induced in-gap states
will be suppressed, even completely disappear in the case with x=0.04, as shown by
the inset in Fig. 3(h). Therefore, we find an orbital-selective insulating phase under the
impact of both disordered substitution and multi-orbital correlation, where the dxz/dyz
orbitals are Anderson localized while the dxy orbital is a Mott insulator. In addition,
as indicated in Fig. 1(f) and Fig. 3(f), with the increase of the doping concentration,
the whole multiorbital system will transfer from an orbital-selective insulator to an
Anderson insulator when J ≥ 0.21 eV. It is worth noticing that no metallic phase can
be found for the Fe-based superconductor with the presence of Cu substitution. Based
on the scaling theory [56], all states should be localized for arbitrary weak disorder in
the two-dimensional systems. Our phase is consistent with this conclusion.
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In our study, we find that when the on-site interactions u of Cu ions is larger than
the critical value 5.2 eV, the hole doping will be converted into the electron doping [33].
However, the effects of Cu substitution on the OSMT are qualitatively the same for both
the hole and electron dopants. Therefore, our study is mainly concentrated in the hope
doping cases with u=3 eV. Besides, the carrier density will also be changed with the
increasing Cu substitution. As a result, the area of the band insulator exhibits continued
shrinkage with the increasing doping concentration, especially for the hole doping cases.
The reason why the effect of the hole doping is more obvious than that of the electron
doping is because the real-space fluctuation of the orbital occupancy is stronger in the
hole doping cases. On the other hand, to suppress the in-gap states introduced by the
Cu impurities, we should enhance the Hund’s rule coupling to maintain the Mott gap.
As a result, the boundary between the orbital-selective and Anderson insulating phases
gradually moves upwards, owing to an increasing of the critical Jc for the Mott-Hubbard
MIT transition in the dxy orbital.
4. Conclusion
We study the cooperative effect of the Hund’s rule coupling and the doping-induced
disorder in iron-based superconductors with Cu substitution. The Hund’s rule coupling
benefits the orbital-selective Mott transition by transferring electrons from dxz/dyz
orbitals to dxy, and enhancing the correlation in the half-filled dxy orbital as well.
The Anderson localization introduced by the impurities is robust against variations
in the Hund’s rule coupling. A whole phase diagram depended on both the Hund’s rule
coupling and the doping concentration is obtained, where the Cu substitution affects the
orbital-selective Mott phase by introducing localized in-gap states. As a result of the
Anderson localization induced by the impurities, an orbital-selective insulating phase is
found for the Cu-substituted Fe-based superconductors, where the dxy orbital are Mott
insulator while the degenerate dxz/dyz orbitals are Anderson localized.
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